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Abstract: The development of models to predict the inelastic behavior of the individual components of a building system at different
performance levels is an essential step in performing nonlinear static and dynamic analyses, as recommended by ASCE/SEI-41. However,
current methodologies for generating nonlinear models for reinforced masonry shear wall (RMSW) buildings do not adequately account for
various system-level aspects, such as the influence of the floor slab stiffness. Several recent studies have shown that these aspects would
significantly alter the overall building response under seismic loading. In addition, although ASCE/SEI-41 defines the capacity parameters of
reinforced masonry shear walls (RMSWs) with rectangular cross sections through standardized force-displacement backbone relationships,
no corresponding relationships are available for RMSWs with boundary elements. Moreover, ASCE/SEI-41 does not provide the necessary
hysteretic parameters required to define the cyclic behavior of any type of RMSWs under seismic loading. To address these issues, this study
focuses on developing two ASCE/SEI-41 relevant models for RMSW buildings, based on the currently available provisions pertaining to their
reinforced concrete (RC) counterparts. The first model is a backbone model for RMSW buildings without and with boundary elements that
can be used to perform nonlinear static analyses. The experimentally validated modeling approach shows that RC parameters are applicable,
but it is critical to include the out-of-plane stiffness of the floor diaphragms when evaluating the overall building response. The second model
is a concentrated plasticity (spring) model in OpenSees used to simulate the hysteretic response of RMSW buildings with different con-
figurations, to conduct nonlinear dynamic analyses. Finally, the developed numerical hysteretic responses are compared with experimental
results in terms of the most relevant characteristics, including the initial stiffness, peak load, and stiffness and strength degradation as appli-
cable. This study aims at presenting useful system-level response prediction tools for the nonlinear static and dynamic procedures specified by
ASCE/SEI-41. DOI: 10.1061/(ASCE)ST.1943-541X.0001914. © 2017 American Society of Civil Engineers.

Author keywords: Backbone model; Hysteretic response; Nonlinear analysis; OpenSees; Reinforced masonry; System-level behavior;
Concrete and masonry structures.

Introduction

Nonlinear analysis is a common tool in both earthquake engineer-
ing practice and research because it provides the means to deter-
mine the inelastic structural response under earthquakes, including
evaluating stiffness and strength degradation, as required by modern
performance-based design approaches. For this reason, nonlinear
analysis plays an important role in the seismic risk assessment
of new and existing buildings. For example, FEMA 440 (FEMA
2005) provides a comprehensive methodology for the use of non-
linear analysis for the seismic evaluation and retrofit of existing
buildings. In addition, nonlinear analysis is being used to improve
and validate design codes and standards. For example, FEMA P695
(FEMA 2009) outlines procedures to generate collapse fragility
curves and assess the collapse risk of buildings, in order to assess
the adequacy of seismic performance factors in current codes and

standards. Moreover, nonlinear analysis facilitates the probabilistic
assessment of the seismic performance of buildings following the
FEMA P58 (FEMA 2012) procedure.

Nonlinear analyses require nonlinear structural response models
that are capable of predicting the inelastic behavior of the individ-
ual components of a seismic-force-resisting system (SFRS) at dif-
ferent performance levels. These nonlinear models are typically
presented in the form of backbone relationships [for nonlinear static
procedure (NSP)] or hysteretic models [for nonlinear dynamic pro-
cedure (NDP)] as specified in ASCE/SEI 41-13 (ASCE/SEI 2014).
Hysteretic models simulate the component/system response under
cyclic loading, while backbone models (as used in this paper) sim-
ulate the backbone curves that are developed by connecting each
point of peak displacement during the first cycle of each increment
of loading/deformation (ASCE/SEI 2014). Both models are gener-
ally expected to capture postpeak softening response, stiffness
(as applicable), and strength degradation. In addition, hysteretic
models also incorporate unloading and reloading stiffnesses, cyclic
deterioration, and pinching behavior.

The studies that have been conducted to develop nonlinear
models for reinforced masonry shear walls (RMSWs) can be pri-
marily categorized by the degree of model idealization as (1) con-
tinuum finite-element models, where the nonlinear behavior of
the masonry and the longitudinal and shear reinforcement that
comprise the shear wall are modeled explicitly (e.g., Mojsilovic
and Marti 1997; Lourenço and Rots 1997; Guinea et al. 2000;
Giambanco et al. 2001; Abdellatef 2011); (2) distributed plasticity
(fiber) models, where numerical integration is used through the
RMSW cross section and along its length to distribute plasticity
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(e.g., Stavridis and Shing 2010; Karapitta et al. 2011; Siyam et al.
2015; Ezzeldin et al. 2016); and (3) concentrated plasticity models,
where all the nonlinear effects of the RMSWs are lumped into an
inelastic spring idealized by a single-degree-of-freedom relation-
ship (e.g., moment-rotation) (Dymiotis et al. 2001; Dolšek and
Fajfar 2008; Shedid et al. 2010; Andreini et al. 2014; Marques
and Lourenço 2014). Although detailed continuum finite-element
and distributed plasticity models can very accurately capture behav-
iors such as initiation ofmasonry cracking and steel yielding, they are
nonetheless computationally intensive (ATC 2010). As such, limited
studies have been conducted to capture strength degradation due
to such factors as reinforcing bar buckling (e.g., Maekawa et al.
2003; Kunnath et al. 2009; Cosenza et al. 2010; Kunnath et al.
2010; Kim and Koutromanos 2016); bond slip (e.g., Monti and
Spacone 2000; Salem and Maekawa 2004; Cho and Pincheira
2006; Murcia-Delso and Benson Shing 2014); and shear failure
(e.g.,Waugh and Sritharan 2010). Conversely, concentrated plasticity
models (e.g., Clough 1966; Giberson 1967; Takizawa 1976; Lai et al.
1984; De la Llera and Chopra 1995; Dides and De la Llera 2005) can
capture strength degradation effects and they do not require the level
of detailed representation that is needed for both continuum finite-
element and distributed plasticitymodels. A comprehensive overview
of the different modeling approaches can be found elsewhere (Taucer
et al. 1991).

Most of the published modeling studies to date have been
conducted on RMSWs at the component level (i.e., individual
walls), with only a few studies focused on system-level response
evaluation of RMSWs (i.e., complete buildings) (e.g., Paulay 1997;
Priestley et al. 2007; Ashour and El-Dakhakhni 2016; Ezzeldin
et al. 2017a). Recently, several studies argued that there are specific
system-level aspects (e.g., slab’s in-plane and out-of-plane stiff-
ness) that cannot be evaluated or assessed through component-level
testing. For example, the in-plane slab stiffness results in different
component-level strength and displacement demands from
essentially identical RMSWs (Heerema et al. 2015). In addition,
Stavridis et al. (2011) and Ashour et al. (2016) both conducted
experimental programs that demonstrated that slab flexural cou-
pling was an important system-level aspect that affected the overall
RMSW building performance. This performance included the
building stiffness, lateral resistance capacity, and trend of stiffness
degradation, which in turn would significantly alter the overall
building response under seismic loading.

The nonlinear models described above have considered only
walls with rectangular cross sections, whereas RMSW buildings
with boundary elements are a newly proposed system within the
Canadian Standards Association Design of masonry structures
S304-14 (CSA 2014). RMSWs with boundary elements are also
included in the TMS 402-13/ACI 530-13/ASCE 5-13 Masonry
Standards Joint Committee code (MSJC 2013), but neither design
guidance nor classifications are provided to deal with such walls as
a separate SFRS. The use of boundary elements in RMSWs enhan-
ces the overall seismic performance relative to traditional RMSWs
(i.e., with rectangular cross sections) because closed ties and multi-
ple layers of vertical bars can be accommodated within the boun-
dary elements, thus providing a confining reinforcement cage
(Shedid et al. 2010; Banting and El-Dakhakhni 2012; Ezzeldin
et al. 2016). The nonlinear models developed in this paper also
account for RMSW buildings with boundary elements in order
to facilitate the development of prescriptive design requirements,
as recommended by the TMS 402-13/ACI 530-13/ASCE 5-13
(MSJC 2013).

The objective of this paper is to develop backbone and hysteretic
models that can be adapted to perform the NSP and NDP, respec-
tively, for simulating the nonlinear response of RMSW buildings

with different configurations. In this respect, an analytical back-
bone model is developed and validated against the backbone curves
of the experimental results reported by Ashour et al. (2016) and
Ezzeldin et al. (2017b). These previous experimental programs are
selected because they include walls with different configurations
(i.e., without and with boundary elements) with a range of aspect
ratios, from 1.5 to 4.6. A summary of these experimental programs
is presented in the following section. The parameters currently
assigned to RMSWs in ASCE/SEI 41-13 are then assessed and new
parameter values are proposed and validated. The developed back-
bone model is subsequently utilized to create a concentrated plas-
ticity (spring) model inOpenSees to simulate the hysteretic response
of RMSW buildings. Finally, the experimental and numerical
hysteretic responses are compared in terms of the most relevant
characteristics, including the initial stiffness, peak load, stiffness
and strength deteriorations, hysteretic shape, and pinching behavior
at different drift levels.

Summary of the Experimental Programs

Ashour et al. (2016) tested a one-third scaled two-story asymmet-
rical RMSW building (referred to as Building III hereafter) under
displacement-controlled quasistatic fully reversed cyclic loading,
as shown in Fig. 1(a). Building III was composed of four traditional
shear walls (i.e., with rectangular cross section) aligned along the

(a)

(b)

Fig. 1. Building III configuration (data from Ashour et al. 2016,
© ASCE): (a) isometric view from southeast direction; (b) typical plan,
all dimensions in millimeters
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loading direction (W1III, W2III, W5III, and W8III) and four other
walls aligned orthogonally (W3III, W4III, W6III, and W7III), as
shown in Fig. 1(b). The asymmetrical wall configuration with re-
spect to the loading direction produced an eccentricity between the
building floor center of mass, CM, and the building elastic center of
rigidity, CR, projection on the roof level. This eccentricity engaged
the torsional response of the building under the applied lateral
loads. The overall height of the scaled building was 2,160 mm,
comprising two stories, each 1,000 mm high (corresponding to
3,000 mm at full scale), with reinforced concrete (RC) floors, each
with dimensions of 2,400 × 2,400 mm in the plan. The building
was fixed to the laboratory strong structural floor by 16 prestressed
anchors through a square RC foundation (3,000 × 3,000 mm).

Ezzeldin et al. (2017b) tested a similar building with the
same nominal strength (to allow for a direct comparison with
Building III), referred to as Building IV hereafter. The RMSWs
located along the main direction of loading in Building III
(W1III, W2III, W5III, and W8III) were replaced in Building IV by
RMSWs with confined boundary elements (W1IV , W2IV , W5IV ,
and W8IV ), as shown in Figs. 2(a and b). The boundary elements
were adopted in Building IV because they allow closed ties to be
used and multiple layers of vertical reinforced bars to be
accommodated, thus providing a confining reinforcement cage,
as shown in Fig. 2(c). Full details of the experimental programs
can be found in papers by Ashour et al. (2016) and Ezzeldin et al.
(2017b) for Buildings III and IV, respectively.

Table 1 summarizes the characteristics of the material used in
Buildings III and IV reported by Ashour et al. (2016) and Ezzeldin
et al. (2017b), respectively, including the masonry compressive
strength of the prisms, f 0

m; the masonry Young’s modulus, Em;
the masonry shear modulus, Gm; the yield strength of the vertical
bars, fyv; and the steel reinforcement Young’s modulus, Es.

RMSW Backbone Model in ASCE/SEI 41-13

The NSP specified in ASCE/SEI 41-13 (ASCE/SEI 2014) is a more
general approach for characterizing the performance of a structure
than the linear procedure, which cannot be used for structures that
have long periods, major setbacks, torsional or vertical stiffness
irregularities, or nonorthogonal SFRS (ASCE/SEI 2014). The
NSP requires analytical models that directly incorporate the non-
linear load-deformation characteristics of RMSWs. These models
are represented by backbone curves that include strength degrada-
tion and residual strength, if any. ASCE/SEI 41-13 (ASCE/SEI
2014) provides standardized force-displacement backbone relation-
ships using two different approaches (referred to as Approaches
1 and 2 hereafter) for simulating the nonlinear response of
RMSWs. More details regarding the definition and the assessment
of these backbone curves, using Buildings III and IV, are given in
this section.

Current ASCE/SEI 41-13 Backbone Modeling
Approaches

In Approach 1 of ASCE/SEI 41-13 (ASCE/SEI 2014), as shown in
Fig. 3, a generalized backbone curve for RMSWs is defined in
terms of elastic and plastic ranges, where there is an elastic range
from Point A (unloaded point) to Point B (effective yield point) and
a plastic range from Point B to Point E (maximum drift point). At
deformation levels greater than that corresponding to Point E, the
RMSW strength is considered essentially zero. Points C and D are
also defined in the plastic range of Approach 1 to represent the ulti-
mate and residual strength points, respectively. ASCE/SEI 41-13
(ASCE/SEI 2014) defines the parameter d to represent the ultimate

drift, Δu, after which the wall begins to lose lateral load capa-
city (Point C); the parameter e to represent the maximum drift,
Δr, up to failure at Point E; and the parameter c to represent
the residual strength corresponding to Points D and E. Although
ASCE/SEI 41-13 (ASCE/SEI 2014) provides specific values for

(a)

(b)

(c)

Fig. 2. Building IV configuration (data from Ezzeldin et al. 2017b,
© ASCE): (a) isometric view from southeast direction; (b) typical plan,
all dimensions in millimeters; (c) in-plane walls with boundary ele-
ments configuration

Table 1. Summary of Material Properties within Building III and
Building IV

Material
Wall properties

(MPa) Building III Building IV

Masonry f 0
m 19 17

Em 12,600 12,100
Gm 5,050 4,850

Reinforcement fyv 500 450
Es 200,000 200,000
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these parameters for RMSWs, thus defining Points B, C, and E, no
parameters are given to define Point D in Approach 1. In addition,
the steep transition between Points C and D may cause convergence
problems in nonlinear analysis and may also not represent the ac-
tual response of RMSWs (ATC 2010). As such, ASCE/SEI 41-13
(ASCE/SEI 2014) proposes Approach 2 through the use of a modi-
fied slope from Point C to Point E, as shown in Fig. 3, to represent
the postpeak response.

Current ASCE/SEI 41-13 Backbone Model Parameters

There are three key points needed to determine the individual wall
response, as shown in Fig. 3. For the yield strength, Qy, a linear
strain profile is used to calculate the yield moment,My, with a yield
strain of the outermost steel reinforcement set to 0.0025. To calcu-
late the wall ultimate strength, Qu, based on the ultimate moment,
Mu, the ultimate masonry strain is taken as 0.0025, as specified by
the TMS 402-13/ACI 530-13/ASCE 5-13 (MSJC 2013). Finally,
the residual strength, Qr, is calculated by multiplying Qu by the
parameter c specified in ASCE/SEI 41-13 (ASCE/SEI 2014), as
discussed in the previous section. For all three strength calculation
cases, a bending moment diagram must be assumed to relate the
moment to the lateral load. To account for the effect of slab cou-
pling, this diagram was selected based on the results of both ex-
perimental programs (i.e., Building III and Building IV), which

showed the significant effect of the diaphragm coupling in terms
of changing the system-level response of the RMSWs aligned
along the main direction of loading. More specifically, the orthogo-
nal walls resulted in a coupling moment at the top level, Mtop, due
to the effect of tension force developed at yielding of the reinforce-
ment, To, in each pair of the orthogonal walls balanced by an equal
compression force, Po, in the other pair of the orthogonal walls.
The To in each orthogonal wall pair is equal to 180 and 162 kN
for Buildings III and IV, respectively. As such, the coupling mo-
ment,Mtop, is equal to the tension or compression force in one pair
of the orthogonal walls multiplied by the distance between the
orthogonal wall pairs. This coupling moment is then distributed
to the other walls according to their effective moment of inertia,
Ie. The coupling at the first level was much less significant. These
calculations are supported by the numerical model developed by
Ezzeldin et al. (2017a), which indicates that the diaphragm cou-
pling influenced the system-level behavior of Building IV by
restraining the in-plane rotations of the walls at the top slab level
with minor coupling at the first floor slab level, as shown in
Figs. 4(a and b). However, the diaphragm coupling decreases
gradually at higher drift levels because of the cracks that develop
within the diaphragm, until the walls of Building IV respond almost
as cantilevers at large drifts, as shown in Fig. 4(c). Consistent
observations were reported for Building III by Ashour and El-
Dakhakhni (2016). As a simplification of this behavior, the walls
aligned along the loading direction in both buildings are assumed
to have linear variation of moment over the height from My or Mu
at the base to Mtop at the top, until reaching the ultimate point
(i.e., Point C), as shown in Figs. 5(a and b). At the strength degra-
dation point (i.e., Point E), the walls are assumed to be unrestrained
by the slab, as shown in Fig. 5(c). Based on these assumptions,
Eqs. (1a)–(1c) were used to calculate Qy, Qu, and Qr, respectively,
while the bending moments (i.e., My, Mu, Mtop, and cMu) used in
these equations are given in Table 2. The elastic stiffness, Ky, and
the yield drift, Δy, were calculated using Eqs. (2) and (3), respec-
tively, according to Paulay and Priestley (1992)

Qy ¼
Mtop þMy

h
ð1aÞ

Qu ¼
Mtop þMu

h
ð1bÞ

Qr ¼
cMu

h
ð1cÞ

Ky ¼
1

h3
12EmIe

þ 1.2h
GmAe

ð2Þ

Fig. 3. Simplified load-drift relationship of reinforced masonry shear
walls using ASCE/SEI 41-13 approaches

(a) (b) (c)

Fig. 4. Bending moments along the wall height of Building IV based on the numerical model developed by Ezzeldin et al. (2016): (a) at drift = 0.25%;
(b) at drift = 0.90%; (c) at drift = 2.00%

© ASCE 04017175-4 J. Struct. Eng.

 J. Struct. Eng., 2018, 144(1): 04017175 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 O

f 
Fl

or
id

a 
on

 1
1/

21
/1

7.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



Δy ¼
Qy

Ky
ð3Þ

where h = wall height; the parameter c is determined as discussed
earlier; Em = masonry Young’s modulus; Gm = masonry shear
modulus; Ie = wall effective moment of inertia; and Ae = effective
masonry wall cross-sectional area. Eq. (4) was used to calculate Ie
and Ae, according to Paulay and Priestley (1992), where α is a stiff-
ness reduction factor, Ig is the wall gross moment of inertia, Ag is the
gross masonry wall cross-sectional area, fyv is the yield strength of
the vertical bars, f 0

m is the masonry compressive strength, and P is
the axial load on the wall. These material characteristics are given in
Table 1 for Buildings III and IV

Ie ¼ αIg Ae ¼ αAg α ¼
�
100

fyv
þ P
f 0
mAg

�
ð4Þ

Finally, while ASCE/SEI 41-13 (ASCE/SEI 2014) provides the
c, d, and e parameters to determine Δu and Δr, respectively, of
RMSWs with rectangular cross sections, no corresponding param-
eters are given for RMSWs with boundary elements. As such, the
parameters for RMSWs with the same properties but with rectan-
gular cross sections, given in Table 3, were used to predict the
response of the individual shear walls in Buildings III and IV.

Assessment of Current Modeling Approaches

The experimental results of Building III and Building IV were used
to assess the current RMSW backbone models in ASCE/SEI 41-13
(ASCE/SEI 2014) using both Approaches 1 and 2, as discussed

earlier. The system-level response of Building III and Building IV
was calculated through the superposition of the backbone model of
the RMSWs aligned along the primary direction of loading at each
displacement demand, while the resistance of the orthogonal walls
was not considered because of their negligible strength in their out-
of-plane direction (Heerema et al. 2015; Ashour and El-Dakhakhni
2016). The twist effects within both buildings were implemented
in the superposition procedure using the displacement of each wall
aligned along the primary direction of loading obtained from the
experimental results, and subsequently calculating the correspond-
ing wall resistance using the individual wall backbone model.
Finally, the lateral strengths of Building III, QIII, and Building IV,
QIV, were calculated at each displacement demand using Eqs. (5)
and (6), respectively

QIII ¼ 2 ×QW1III
þQW5III

þQW8III
ð5Þ

QIV ¼ 2 ×QW1IV
þQW5IV

þQW8IV
ð6Þ

Figs. 6(a and b) compare the experimental lateral load versus the
displacement at the building roof CM to the model predictions
for Buildings III and IV, respectively, using Approaches 1 and 2
shown in Fig. 3. In addition, Table 4 summarizes the error of the
model predictions for the same buildings. In calculating these val-
ues, the drift at Point D in Approach 1 was assumed to be equal to
the average drift of Points C and E, which resulted in a small slope
to the segment between Points C and D in Fig. 3, as suggested by
ATC (2010). As shown in Table 4, the model predicts the yield
strength, Qy (i.e., at 0.25% drift) of Buildings III and IV to within
a maximum error of 20 and 15%, respectively. In addition, the
ultimate strength, Qu, is captured closely, with Fig. 6 showing a
maximum error of less than 20 and 11% relative to the experimental
results of Buildings III and IV, respectively. These results confirm
the importance of including the out-of-plane stiffness of the floor
diaphragms, as neglecting this stiffness by assuming cantilever
walls would have underestimated the strength of Buildings III and
IV by approximately 50% (Ezzeldin et al. 2017a). However, the

(a) (b) (c)

Fig. 5. Assumed bending moments along the wall height: (a) yield point; (b) ultimate point; (c) strength degradation point

Table 2. Summary of Bending Moments along the Wall Height within
Building III and Building IV

Building Wall

Bending moment along the
wall height (kN · m)

At yield
(Point B)

At ultimate
(Point C)

At strength
degradation
(Point E)

My Mtop Mu Mtop cMu

Building III W1III and W2III 21 8 31 8 19
W5III 122 128 184 128 110
W8III 189 224 263 224 158

Building IV W1IV and W2IV 23 12 29 12 22
W5IV 153 150 178 150 134
W8IV 193 150 239 150 179

Table 3. Summary of Model Parameters Assigned to RMSWs within
Building III and Building IV (Data from ASCE/SEI 2014, © ASCE)

Wall

Model parameters

c (%) d (% drift) e (% drift)

W1III=IV and W2III=IV 67 0.66 1.32
W5III=IV 67 0.40 0.80
W8III=IV 70 0.30 0.60

© ASCE 04017175-5 J. Struct. Eng.
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model fails to predict the postyield branch of the experimental re-
sults of both buildings. As shown in Table 4, an error of up to 84%
is reported for both predicted postyield load-displacement relation-
ships. This is primarily attributed to the very conservative values of
the parameters c, d, and e in ASCE/SEI 41-13 (ASCE/SEI 2014)
for RMSWs. As such, the following section outlines the develop-
ment of an analytical model that is capable of more accurately pre-
dicting the backbone of the load-displacement relationships of
Buildings III and IVup to and following the ultimate strength point.

Proposed RMSW Building Backbone Model for
ASCE/SEI 41

Model Development

The proposed backbone model defines the RMSW deformations in
terms of elastic and plastic rotations using the generalized back-
bone curve relationship shown in Fig. 7. The elastic segment up
to Point B is defined by the elastic rotation, θy. The plastic rotation
up to loss of the lateral load capacity at Point C, θu, is represented
by the parameter a, while the parameter b represents the plastic
rotation up to failure at Point E, θr. The parameter c is also used
to define the residual moment of Point D,Mr. Although ASCE/SEI
41-13 (ASCE/SEI 2014) provides these parameters (i.e., a, b, and
c) for reinforced concrete shear walls (RCSWs), no corresponding
values are currently given for RMSWs. As such, the parameters
specified for RCSWs, given in Table 5, were used to predict the
response of the individual shear walls in Buildings III and IV. This

approach was considered acceptable during the model development
because fully grouted structural RMSW construction is very similar
to structural RCSW construction in terms of the material behavior
and the analysis of displacements (Shedid et al. 2010; Banting and
El-Dakhakhni 2014). In addition, several experimental studies have

(a) (b)

Fig. 6. Experimental and analytical envelopes based on ASCE/SEI 41-13 approaches: (a) Building III (data from Ashour et al. 2016, © ASCE);
(b) Building IV (data from Ezzeldin et al. 2017b, © ASCE)

Table 4. Error for the Predicted Values Using the Current Backbone Models in ASCE/SEI 41-13 versus the Experimental Data at Different Drift Levels

Building Approach

Error

Negative loading direction (drift) Positive loading direction (drift)

−1.80
(%)

−1.50
(%)

−1.20
(%)

−0.90
(%)

−0.60
(%)

−0.40
(%)

−0.25
(%)

0.25
(%)

0.40
(%)

0.60
(%)

0.90
(%)

1.20
(%)

1.50
(%)

1.80
(%)

Building IIIa 1 N/A — — −83 −64 −28 20 8 −21 −47 −83 −82 — N/A
2 N/A — — −71 −55 −10 18 20 −2 −45 −74 — — N/A

Building IVb 1 — — — −83 −63 −15 15 15 3 −51 −84 — — —
2 — — — −75 −30 −3 15 15 5 −21 −78 — — —

Note: N/A = experimental data not available. Entries with — denote model predicting zero strength.
aBased on data from Ashour et al. (2016).
bBased on data from Ezzeldin et al. (2017b).

Fig. 7. Proposed simplified moment-rotation relationship for rein-
forced masonry shear walls without and with boundary elements
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shown that high levels of ductility and small strength degradation,
similar to those of RCSWs, can be achieved with RMSWs (Shing
et al. 1990; Seible et al. 1993; Eikanas 2003; Shedid et al. 2008).
ASCE/SEI 41-13 (ASCE/SEI 2014) also considers the enhanced
lateral deformation capacity of RCSWs with confined boundary
elements by assigning higher distinctive values for the above
parameters (i.e., a, b, and c) to those walls than the corresponding
values assigned to traditional shear walls with rectangular cross
sections, so the same enhanced parameters, given in Table 5, were
used for Building IV.

Fig. 8 summarizes how to evaluate the key points to build the
proposed model. Point A represents the unloaded condition, while
Point B defines the effective yield point through Qy and Δy, which

were given previously in Eqs. (1a) and (3), respectively. Point C
represents the ultimate strength point, where Qu and Δu can be
calculated from Eqs. (1b) and (7a), respectively

Δu ¼ Δy þ aðh − lpÞ ð7aÞ

In Eq. (7a), lp is the plastic hinge length of the wall, assumed
to be 50% of the wall flexural depth but less than the wall height
and less than 50% of the wall length, according to ASCE/SEI
41-13 (ASCE/SEI 2014). Point D is a point defining the residual
strength through Qr and Δr, which can be determined from
Eqs. (1c) and (7b), respectively

Δr ¼ Δy þ bðh − lpÞ ð7bÞ

At deformation levels beyond Point D, the wall strength is as-
sumed to drop to zero, as represented by Point E. The load-
displacement relationships of the individual walls aligned along
the primary direction of loading of Buildings III and IV, shown
in Figs. 9(a and b), respectively, were predicted following Fig. 8.
As Figs. 9(a and b) show, Δu and Δr of the walls in Building IV
increase by an average of 35 and 30%, respectively, relative to their
corresponding walls in Building III. This indicates the importance

Table 5. Summary of Model Parameters Assigned to the Proposed Model
of RMSWs within Building III and Building IV (Data from ASCE/SEI
2014, © ASCE)

Building

Model parameters

a (rad) b (rad) c (%)

Building III 0.006 0.015 60
Building IV 0.010 0.020 75

Fig. 8. Proposed simplified load-drift relationship for reinforced masonry shear walls without and with boundary elements

© ASCE 04017175-7 J. Struct. Eng.
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of including the confinement effect of the boundary elements when
estimating the RMSW performance. In addition, Figs. 9(a and b)
show that the walls within each building do not all respond plas-
tically simultaneously. Therefore, adding the strengths of all walls,
by assuming that all walls simultaneously reach their ultimate
capacities and have adequate ductility to sustain these capacities
(ASCE/SEI 2014), would overestimate the overall building resis-
tance. This confirms the importance of system-level studies used in
this paper to validate the developed model.

Comparison of Model Predictions with System-Level
Experimental Responses

The system-level response of Buildings III and IV was evaluated
through the superposition of the backbone models of all RMSWs
aligned along the primary direction of loading at each displacement
demand level, considering building twist as discussed earlier.
Fig. 10(a) compares the prediction of the proposed model with the
experimental results for Building III, and Table 6 summarizes the
percentage error of the model predictions relative to the experimen-
tal data of the same building. As Fig. 10(a) and Table 6 show, the
lateral load of the building is predicted very closely for most of

the lateral drift levels, with a maximum error in the lateral load
prediction of less than 9%. In addition, the model captures the yield
strength, Qy, to within 14% error. The proposed model results are
compared also with the experimental results of Building IV in
Fig. 10(b) and Table 6. Relative to the experimental results, the
maximum error in the lateral load is less than 10%. In addition,
the maximum difference between analytical and experimental yield
strength, Qy, is less than 13%.

These results confirm the effectiveness of the proposed param-
eters a, b, and c for predicting the response of Buildings III and IV.
Figs. 10(a and b) show that the model is able to simulate most
relevant characteristics of the response at all considered drift
levels, including the postultimate range (i.e., strength degradation),
whereas the current parameters assigned to RMSWs in ASCE/SEI
41-13 (ASCE/SEI 2014) significantly underestimated the postyield
branch of the experimental results, as previously shown in
Fig. 6. This indicates that the parameters that ASCE/SEI 41-13
(ASCE/SEI 2014) assigns to RMSWs with rectangular cross sec-
tions (c, d, and e) may be unnecessarily conservative and may re-
quire revision. This conservatism was based on the limited number
of experimental studies at the time when FEMA 356 (FEMA 2000),
Prestandard and commentary for the seismic rehabilitation of

(a) (b)

Fig. 9. Load-drift relationship of walls aligned along the loading direction: (a) Building III (data from Ashour et al. 2016, © ASCE); (b) Building IV
(data from Ezzeldin et al. 2017b, © ASCE)

(a) (b)

Fig. 10. Experimental (backbone and hysteresis) and analytical envelopes based on ASCE/SEI 41-13 using Approach 1 and the proposed modeling
approach: (a) Building III (data from Ashour et al. 2016, © ASCE); (b) Building IV (data from Ezzeldin et al. 2017b, © ASCE)
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buildings, was originally developed. In addition, distinctive corre-
sponding values are needed for RMSWs with boundary elements to
consider the enhanced lateral deformation capacity achieved when
they are adopted (Shedid et al. 2010; Banting and El-Dakhakhni
2012, 2014; Cyrier 2012; El Ezz et al. 2015; Ezzeldin et al. 2016;
2017b). These results suggest that the parameters currently given for
RCSW in ASCE/SEI 41-13 (ASCE/SEI 2014) may be appropriate.

RMSW Building Hysteretic Model for ASCE/SEI 41

Model Development

The nonlinear dynamic procedure (NDP) evaluates the inelastic de-
mands of a structure subjected to a suite of ground motion records
based on nonlinear time history analysis (ASCE/SEI 2014; FEMA
2000). The NDP is considered a more refined procedure compared
to NSP because it represents the demands the structure would ex-
perience during a specific seismic event (ASCE/SEI 2014), includ-
ing the expected shifts in inertial load patterns as softening occurs
within the structure. However, the NDP requires hysteretic models
that are able to capture not only the initial stiffness, peak load, and
strength deterioration, but also the stiffness degradation, hysteretic
shape, and pinching behavior.

In this respect, a simplified numerical model is developed in this
paper using OpenSees and validated against the experimental
results of Buildings III and IV. The developed numerical
model adopts a concentrated plasticity approach, where elastic

beam-column elements are used to model the walls of both build-
ings, with the wall inelastic behavior accounted for through a
zero-length inelastic rotational spring at the base of each wall,
as shown in Fig. 11(a). These springs follow a bilinear hysteretic
response based on the modified Ibarra-Medina-Krawinkler deterio-
ration model with pinching hysteretic response (Ibarra et al. 2005,
ModIMKPinching material inOpenSees). The model is represented
by a moment-rotation relationship, as shown in Fig. 11(b), that de-
pends on the yield moment, My; the ultimate moment, Mu; the
residual moment, Mr; the rotational stiffness, Kθ; the preultimate
plastic rotation, θp; the postultimate plastic rotation, θpc; and other
parameters that define strength deterioration and pinching behavior.
The parametersMy,Mu, andMr were defined earlier, while Kθ, θp,
and θpc are calculated from Eqs. (8), (9a), and (9b), respectively, in
terms of the previously defined parameters Ie, h, θy, θu, and θr

Kθ ¼
ðnþ 1Þ6EIe

h
ð8Þ

θp ¼ θu − θy ð9aÞ

θpc ¼ θr − θu ð9bÞ

In Eq. (8) a stiffness modifier, n, of value 10 is used in calcu-
lating the rotational stiffness, Kθ, since the wall is modeled as a
rotational spring connected in series with an elastic beam-column
element, as shown in Fig. 11(b) (Ibarra and Krawinkler 2005). Sub-
sequently, the stiffness of these components is modified so that

Table 6. Error for the Predicted Values Using the Proposed Backbone Model in ASCE/SEI-41 versus the Experimental Data at Each Drift Level

Building

Error

Negative loading direction (drift) Positive loading direction (drift)

−1.80
(%)

−1.50
(%)

−1.20
(%)

−0.90
(%)

−0.60
(%)

−0.40
(%)

−0.25
(%)

0.25
(%)

0.40
(%)

0.60
(%)

0.90
(%)

1.20
(%)

1.50
(%)

1.80
(%)

Building IIIa N/A −9 −2 1 1 −1 −14 3 1 −1 −5 −9 −5 N/A
Building IVb −10 −2 10 3 4 3 13 13 2 1 2 9 5 −8
Note: N/A = experimental data not available.
aBased on data from Ashour et al. (2016).
bBased on data from Ezzeldin et al. (2017b).

(a) (b)

Fig. 11. Schematic diagram of the model

© ASCE 04017175-9 J. Struct. Eng.

 J. Struct. Eng., 2018, 144(1): 04017175 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 O

f 
Fl

or
id

a 
on

 1
1/

21
/1

7.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



their equivalent stiffness, Kw, is equal to the stiffness of the actual
wall. For this reason and also to avoid any numerical problems, the
rotational spring stiffness, Kθ, and the elastic element stiffness, Ke,
are multiplied by modification factors of (nþ 1) and (nþ 1=n),
respectively, as suggested by Ibarra and Krawinkler (2005), and
wall equivalent stiffness, Kw, is then calculated as

Kw ¼ KθKe

Kθ þ Ke
ð10Þ

The strength deterioration and pinching behavior parameters
were defined using the values suggested by Lignos and
Krawinkler (2013) based on a database of 200 RC components
with different configurations. The model accounts for the boundary
conditions through the calculation of Kθ, where the RMSWs are
considered fixed at the foundation and partially fixed at the roof levels
[from Eq. (8)]. Therefore, the RC floor slabs of Buildings III and IV
were modeled considering a diaphragm possessing no out-of-plane
stiffness, while still being stiff in the in-plane direction.

(a) (b)

Fig. 12. Experimental and numerical hysteresis loops: (a) Building III (data from Ashour et al. 2016, © ASCE); (b) Building IV (data from Ezzeldin
et al. 2017b, © ASCE)

(a) (b)

(c) (d)

Fig. 13. Detailed experimental and numerical hysteresis loops of Building IV (data from Ezzeldin et al. 2017b, © ASCE): (a) at drift = 0.60%; (b) at
drift = 0.90%; (c) at drift = 1.20%; (d) at drift = 1.50%
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Model Validation

Fig. 12(a) compares the results of the numerical model with the
corresponding experimental results for Building III tested by
Ashour et al. (2016). The figure shows that the model is capable
of simulating most relevant characteristics of the cyclic response at
all tested drift levels. The drift ranges in Fig. 12 cover the entire
load-displacement curve up to degradation to 80% of the ultimate
strength. The lateral capacity of the building is predicted closely for
most of the lateral drift levels, with a maximum deviation in the
lateral load prediction of less than 16%. In addition, the increase
of energy dissipation with loading is represented well by the
hysteretic model, with a maximum deviation of 15% compared
to the experimental results.

To verify the effectiveness of the developed model for buildings
with boundary elements, the model results are compared with the
experimental results from Building IV (Ezzeldin et al. 2017b) in
Fig. 12(b). The individual experimental and numerical hysteresis
loops for the same building, using the first cycle at each of the sec-
ond floor drift levels, are shown in Fig. 13. Relative to the exper-
imental results, the maximum error in the lateral load prediction is
less than 10%. In addition, the model captures the energy dissipa-
tion with a maximum error of approximately 9%. Overall, the com-
parison between the experimental and numerical results shows that
the proposed model, based on previous results for RCSWs, is
capable of capturing the hysteretic response of RMSW buildings
both with and without boundary elements.

Conclusions

The NSP and the NDP, specified in ASCE/SEI 41-13 (ASCE/SEI
2014), require nonlinear structural response models that are capable
of predicting the inelastic behavior of buildings at different perfor-
mance levels. The results demonstrated that existing recommenda-
tions for RMSWs may not adequately predict this behavior. As
such, this study proposed alternative new backbone and hysteretic
models that can be used in the NSP and the NDP, respectively, to
simulate the nonlinear response of shear wall buildings with differ-
ent configurations. Subsequently, these models were validated
against the experimental results of Buildings III and IV reported
by Ashour et al. (2016) and Ezzeldin et al. (2017b), respectively.
The backbone model accurately captured the complete load-
displacement relationships of both buildings, with maximum errors
of 14%. In addition, a hysteretic model was developed using Open-
Sees to simulate the hysteretic response of RMSW buildings.
The inelastic behavior of each wall in that model is represented by
a zero-length inelastic rotational spring at the base of the wall.
Finally, the results showed that the developed model satisfies the
ASCE/SEI 41-13 (ASCE/SEI 2014) requirements in terms of sim-
ulating the initial stiffness, peak load, stiffness degradation, strength
deterioration, hysteretic shape, and pinching behavior at different
drift levels.

In general, the results confirmed the importance of including
out-of-plane stiffness of the floor diaphragms to estimate the over-
all building response. In addition, the results showed that the cur-
rent parameters assigned to RMSWs in ASCE/SEI 41-13 need to be
revised, because the models developed based on those parameters
failed to capture the postyield branch of the experimental results.
Moreover, ASCE/SEI 41-13 (ASCE/SEI 2014) provides parame-
ters with numerical values given only for RMSWs with rectangular
cross sections. This study showed that distinctive values for such
parameters should be provided for RMSWs with boundary ele-
ments, so as to consider the enhanced lateral deformation capacity
achieved when such seismic-force-resisting systems are adopted.

These values may be based on what is currently specified for con-
crete shear walls.

Finally, the analyses in this paper were based on the results of
two two-story RMSW buildings with specific design characteristics
(i.e., material properties) and configurations (i.e., geometrical prop-
erties), with one of the buildings constructed using walls with rec-
tangular cross sections and the other using walls with boundary
elements. As such, the experimental results of more RMSW build-
ings with different numbers of stories and wall configurations are
expected to further improve the predictability of the developed
models presented in this study, and subsequently facilitate the
development of prescriptive design requirements for such SFRS.
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Notation

The following symbols are used in this paper:
Ae = effective cross section area;
Ag = gross cross section area;
a = plastic rotation up to loss of the wall lateral load capacity;
b = plastic rotation up to wall failure;

CM = building floor center of mass;
CR = building center of rigidity;
c = residual moment/strength ratio;
d = parameter to represent the ultimate drift;

Em = Masonry Young’s modulus;
e = parameter to represent the maximum drift;

f 0
m = masonry compressive strength;

fyv = vertical reinforcement yield strength;
Gm = masonry shear modulus;
h = wall height;
Ie = effective moment of inertia;
Ig = gross moment of inertia;
Ke = elastic element stiffness;
Kw = wall equivalent stiffness;
Ky = elastic stiffness;
Kθ = spring rotational stiffness;
lp = plastic hinge length of the wall;
Mr = residual moment;

Mtop = top coupling moment;
Mu = ultimate moment;
My = yield moment;
P = wall axial load;
Po = orthogonal walls compression force;
Qr = residual strength;
Qu = ultimate strength;
Qy = yield strength;
QIII = lateral strength of Building III;
QIV = lateral strength of Building IV;
To = orthogonal walls tension force;

© ASCE 04017175-11 J. Struct. Eng.

 J. Struct. Eng., 2018, 144(1): 04017175 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 O

f 
Fl

or
id

a 
on

 1
1/

21
/1

7.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



α = reduction factor;
Δr = maximum drift ratio;
Δu = ultimate drift ratio;
Δy = yield drift ratio;
θp = preultimate rotation;
θpc = postultimate rotation;
θr = maximum rotation capacity;
θu = ultimate rotation; and
θy = yield rotation.
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